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ABSTRACT
We study three cosmological hydrodynamical simulations of Milky Way(MW)-sized ha-
los including a comparison with the dark matter(DM)-only counterparts. We find one of our
simulated galaxies with interesting MW-like features. Thanks to a consistently tuned star for-
mation rate and supernovae feedback we obtain an extended disk and a flat rotation curve with
a satisfying circular velocity and a reasonable DM density in the solar neighbourhood. Mim-
icking observational methods, we re-derive the stellar mass and obtain stellar-to-halo mass
ratios reduced by more than 50%. We show the interaction between the baryons and the dark
matter which is first contracted by star formation and then cored by feedback processes. In-
deed, we report an unprecedentedly observed effect in the DM density profile consisting of a
central core combined with an adiabatic contraction at larger galactic radii. The cores obtained
are typically ∼ 5 kpc large. Moreover, this also impacts the DM density at the solar radius. In
our simulation resembling most to the MW, the density is raised from 0.23 GeV/cm3 in the
dark matter only run to 0.36 GeV/cm3 (spherical shell) or 0.54 GeV/cm3 (circular ring) in the
hydrodynamical run. Studying the subhalos, the dark matter within luminous satellites is also
affected by baryonic processes and exihibits cored profiles whereas dark satellites are cuspy.
We find a shift in mass compared to DM-only simulations and obtain, for halos in the lower
MW mass range, a distribution of luminous satellites comparable to the MW spheroidal dwarf
galaxies.
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1 INTRODUCTION
If the ΛCDM structure formation scenario is successful at large
scales, the physics of baryons is dominant for small scale objects
like galaxies. Understanding galaxy formation in a cosmological
context is a central question of astrophysics. Starting from first
principles, hydrodynamical simulations are the most sophisticated
and self-consistent approach to address this question (see Vogels-
berger et al. (2014) for a recent achievement). A key issue is to
form realistic spiral galaxies like the Milky Way (MW). Even if the
formation of disks and spirals was observed in the first hydrody-
namical simulations (Katz & Gunn 1991), until recently the simula-
tions exhibited generic problems known as the overcooling and the
angular momentum problems (Navarro & White 1994). Typically
simulations produced objects that were too contracted with a star
formation rate that was too high, especially at high redshifts, giv-
ing birth to massive bulges of old stars as well as to disks that were
? pol.mollitor@lam.fr (PM), emmanuel.nezri@lam.fr (EN), ro-
main.teyssier@gmail.com (RT)
too small. Consequently, they show some problems with regard to
observations like too peaked rotation curves or stellar-to-halo mass
ratios that were too high(Scannapieco 2012). These features were
encountered for all type of numerical treatments of hydrodynamics
(Lagrangian or Eulerian) (Scannapieco 2012).
In some way, the question of the baryon distribution in simula-
tions can echo the problem of the dark matter (DM) distribution
in the MW (see e.g (Blumenthal et al. 1986; Governato et al. 2010;
Read et al. 2009). Actually both have a strong interplay during the
galaxy formation history and the resulting dark matter configura-
tion features, e.g. a cored/cuspy profile in the center of (sub)halos,
the velocity distribution shape in the solar neighborhood or a dark
disk component, are critical issues for dark matter searches and
identification. Indeed, most of studies dedicated to DM detection
assume DM distribution features inspired from simulations results
(see reviews like e.g Jungman et al. (1996); Bertone et al. (2004);
Lavalle & Salati (2012); Peter et al. (2013) and references therein.).
Thus, the results born of cosmological simulations and the acquired
knowledge about the driving physical mechanisms intervening in
the formation of MW-like spiral galaxies have crucial implications
c© 2014 RAS
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beyond the field of galaxy formation.
The numerical resolution was first thought to be a possible direc-
tion to cure the spiral simulated galaxy morphology (e.g Gover-
nato et al. (2007)), but the most popular way to address this issue
relies on how subgrid processes deal with the physics of baryons
(cooling, star formation, feedback modelling) are achieved. Strictly
speaking, star formation and stellar feedback are related in a com-
plex and intricate dependency in the majority of works, as the sub-
grid parameters depend on the resolution of the simulations (Mari-
nacci et al. 2014; Agertz & Kravtsov 2014).
Currently, while stellar feedback processes allow to regulate star
formation, a definite equilibrium with alternative schemes or new
sources leading to realistic star formation histories has still to be
achieved. Lately, a lot of efforts have been expanded on star forma-
tion and related feedback processes (e.g. Stinson et al. (2006); Vo-
gelsberger et al. (2013); Agertz et al. (2013); Teyssier et al. (2013);
Roškar et al. (2013); Hopkins et al. (2013)). Recently, a few inter-
esting works have succeeded to form more realistic spiral galaxies
(Agertz et al. 2011; Guedes et al. 2011; Aumer et al. 2013; Stin-
son et al. 2013; Marinacci et al. 2014) by tuning the parameters
entering in those processes or by introducing specific schemes, es-
pecially those involving the stellar feedback.
Namely, the energy injected by stellar feedback processes may in-
hibit gas accretion. Different directions have been recently investi-
gated. Stinson et al. (2013) implemented early feedback to prevent
high redshift star formation. Others (Scannapieco et al. 2008; Gov-
ernato et al. 2010; Sales et al. 2010) explored the effect of larger
values of the injected amount of SN energy per explosion. Such
approaches can also lead to the destruction of the dark matter cusp
(Pedrosa et al. 2009; Governato et al. 2010; Di Cintio et al. 2014).
In Marinacci et al. (2014), the introduction of an alternative stel-
lar feedback scheme that consists of kinetic winds that scale with
the DM velocity dispersion and that are decoupled from the hydro-
dynamical phase during their propagation time (Vogelsberger et al.
2013) succeeds in some cases to regulate the morphology of the
disk (but preserves a cuspy dark matter profile). The effect of a sup-
plementary source coming from stellar radiation has been studied
in Roškar et al. (2013), but such a scenario leads to the thickening
of the disk and the destruction of the spiral structure. Hopkins et al.
(2013) have proposed an explicit treatment of the multi-phase inter-
stellar medium and the stellar feedback, where the inputs are taken
from stellar population models, and their results for the stellar-to-
halo mass ratio agree up to ∼ 1012M, with predictions for the
relation drawn from abundance matching works.
Concerning the parameters intervening in star formation in sub-
grid models, a higher threshold (Guedes et al. 2011) can suppress
star formation at high redshifts and, as a result, avoid the forma-
tion of old low angular momentum stars. Additionally, a low star
formation efficiency seems necessary to form extended disks in
Agertz et al. (2011). However, Hopkins et al. (2013) recently seem
to reproduce realistic star formation rates without adjusting the ef-
ficiency by hand thanks to a self-gravitating criterium on the gas
density and the aforementioned feedback prescription.
Even if the relevance of the adopted choices can be discussed, those
approaches on star formation and stellar feedback are interesting
advances in the field to address the remaining questions of MW-
like galaxy formation.
In the present article, we show our attempt to produce a MW-like
disk galaxy in a cosmological context. Three zoom-in simulations
with RAMSES have been performed and we study the baryon and
DM properties of the simulations. After a discussion of the prop-
erties of the baryonic galactic disks and a comparison with other
simulations and recent observations, we focus on the effects bary-
onic processes can induce into the distribution of DM, both in the
case of the central parts of the halo and in the gravitationally bound
satellites orbiting in the halo. In particular, we show that one of
simulations is able to produce a galaxy with properties that resem-
bles the Milky Way and an environment which resembles that of
the Milky Way surrounded by a cored dark matter halo.
The paper is organised as follows: in section 2, we describe how we
performed our simulations. Then, we analyse the resulting galaxy
properties at redshift 0 (section 3). In section 4 we discuss the for-
mation history and in section 5 we sudy the DM distribution fea-
tures (main original point of this work) in the halo and its big satel-
lites including a comparison between the dark matter only runs and
the hydrodynamical simulations. Conclusions and perspectives are
given in section 6.
2 THE SIMULATION
In this section, we describe the methodology we applied to per-
form three high resolution "Zoom-in" simulations in a cosmologi-
cal framework. We explain how we generated the initial conditions
and ran the simulations using different physically motivated recipes
in order to reproduce a large number of properties observed for red-
shift 0 spiral MW-like galaxies.
The analysis of the halos and their subhalos was done with the
Amiga Halo Finder (Knollmann & Knebe 2009).
In order to calculate densities and to extract the information of the
snapshots, we used the unsio package1.
As a visualization tool, we used glnemo22. The analysis and the as-
sessment of the results and the physical properties of our simulated
objects was done with our own developed tools.
2.1 Initial conditions
The "Zoom-in" technique we used is a powerful tool to simu-
late highly resolved structures within a cosmological context while
keeping the computational costs reasonably low. We used the MU-
SIC code (Hahn & Abel 2011) to generate the primordial density
fluctuations in a periodic 20 Mpc box in a Lambda-Cold-Dark
Matter (ΛCDM) universe at redshift 50, with cosmological pa-
rameters H0 = 70.3km/s/Mpc the present-day Hubble constant,
Ωb,0 = 0.045 the baryonic matter density, Ωm,0 = 0.276 the mat-
ter density, ΩΛ,0 = 0.724 the vacuum density. First, we ran a DM
low resolution simulation of 2563 particles to redshift 0 where we
selected three MW candidate halos of different masses that had a
quiet merger history, i.e. no major merger after redshift 2, and no
massive neighbour halo, i.e. 10 percent of the halo’s virial mass,
closer than four times their virial radii. More specifically, we chose
two halos in the lower mass range (. 1012M inferred by stellar
kinematics, see, e.g., Kafle et al. (2012); Bovy (2012); Deason et al.
(2012)) and one halo in the higher mass range (∼ 1− 2 · 1012M
favored by kinematics of satellite galaxies or statistics of large cos-
mological DM simulations, see e.g. Boylan-Kolchin et al. (2013);
Busha et al. (2011)) to be resimulated. A discussion on the MW-
like virial mass range can be found in the introduction of Piffl
(2014). For each halo, we repeated the following procedure: Se-
lecting all the particles inside 3.5·R97c (see Oñorbe et al. (2014)
1 http://projets.lam.fr/projects/unsio
2 http://projets.lam.fr/projects/glnemo2
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Run R97 M97,tot M97,gas M? M97,dm Ncells N? Ndm R200 M200,tot
(kpc) (1010M) (1010M) (1010M) (1010M) (kpc) (1010M)
A 344.9 227.52 23.96 18.23 185.32 8027923 6227518 11656318 253.69 186.68
A-DM 329.28 19.79 7178889 243.53 165.13
B 233.99 71.04 7.96 5.58 57.49 2491015 2153777 3910861 176.47 62.83
B-DM 220.85 59.73 2165979 162.90 49.42
C 244.60 81.15 9.58 5.50 6.60 2862113 2560388 4121429 181.83 68.73
C-DM 236.41 73.27 2657038 176.01 62.35
Table 1. Primary numerical parameters of the simulated halos at z = 0, A, B and C referring to the hydrodynamical versions and *-DM to the corresponding
dark matter only simulations. We show the radius of the sphere whose mean density is equal to 97 (respectively 200) times the critical density of the universe
at redshift 0. The further columns give the total mass and DM mass inside R97, the gas mass and stellar mass inside R97/10 . The corresponding numbers of
gaseous cells, star particles, and DM particles are given next. In all the runs, the spatial resolution reaches 150 parsec at z = 0.
for a recent study on Lagrangian volumes in zoom simulations),
we located their positions at the beginning of the simulation and
increased locally in this volume the effective resolution to 10243
particles, which corresponded to 10 refinement levels of the mesh,
a DM mass resolution of 230 812 M, and a baryonic mass resolu-
tion of 44 963 M. The high resolution region is then successively
enclosed by five cells of subsequent coarser refinement levels. The
mesh of the outer part of the box is kept at refinement level seven.
Once the high resolution initial conditions were set up, we re-ran
the simulations until redshift 0. The primary properties of the three
halos are listed in Table 1.
Traditionally, halo properties are given using a so-called "virial" ra-
dius, that defines a sphere in which the mean density MVir
4/3·pi·R3Vir
is
∆Vir times denser than a certain mean reference density. Here, we
take the critical density for a flat Universe ρcrit = 3H2(z)/(8piG).
As this definition is borrowed from structure growth theory, its use
is not appropriate when one wants to define a physically meaningful
halo edge (Cuesta et al. 2008; Zemp 2014). In order to avoid am-
biguity and to simplify comparisons we opted for giving our halo
properties for two different ∆vir values, namely 200 (commonly
used value) and 97 (the value derived from the spherical top-hat
collapse model for ΛCDM at z=0 for our cosmology (Bryan &
Norman 1998)), and put them in the subscript of the quantities we
consider.
Halos B and C do not have any contamination of low resolution
DM particles inside R97. Halo A has a minor contamination be-
tween 85 kpc and R97 of 10 DM particles from lower resolution,
but Halo A-DM does not.
2.2 The simulation: dark matter and gas dynamics
We use the adaptive mesh refinement code RAMSES (Teyssier
2002) to simulate the DM-only and the hydrodynamical simula-
tions. Particles are modelled using a standard Particle Mesh method
(Teyssier 2002).
Once the simulation started, we applied a "quasi-Lagrangian" strat-
egy for triggering additional refinement. Attempting to maintain
constant the mass per cell, we refined the cell if the number of dark
matter particles or baryonic (gas + stars) particles contained inside
is bigger than eight. This refinement is limited to the high reso-
lution zone as we use a passive scalar, which initially marked the
high resolution cells. The scalar is advected passively by the flow
and allows refinement only if its value is above a certain threshold
(here: 1% (Roškar et al. 2013)). In order to avoid two-body relax-
ation effects, we first ran the DM-only simulation and we fixed the
maximum refinement to the level this DM-only sibling reaches, i.e.
17 refinement levels corresponding to a spatial resolution of 150
pc.
The gas dynamics is modelled using a second-order unsplit Go-
dunov scheme (Teyssier et al. 2006), based on the HLLC Riemann
solver and the MinMod slope limiter (see Fromang et al. (2006) for
technical details)). We assume a perfect gas equation of state, with
γ = 5/3.
A particular concern of hydrodynamical simulations is to prevent
numerical instabilities and artificial fragmentation: a gas medium
that is stable in a theoretical framework is nevertheless prone to
be unstable in numerical models when the Jeans length is not well
resolved within the numerical scheme (Truelove et al. 1997). In
order to ensure this, we use the technique of the "polytropic pres-
sure floor" (Roškar et al. 2013). We define this pressure floor by
imposing that the Jeans length is always resolved in at least four
resolution elements:
P =
G
piγ
ρ(4∆xmin)
2 (1)
When gas pressure hits this pressure floor, we make sure that the
gas has reached a minimal temperature and its corresponding max-
imum density. Using standard cooling recipes, we approximated
the gas temperature in equilibrium at solar metallicity by Bournaud
et al. (2010)
Teq = 10
4(
n
0.3
)−1/2 Kelvin. (2)
Equating the polytropic pressure floor with the gas pressure and
having ∆xmin = 150pc, we set Tmin = 3000K and n =
2.7H/cm3.
Furthermore, we treat the gas thermodynamics using an optically
thin cooling and heating function. Hydrogen and Helium chemi-
cal processes are computed with the assumption of photoionization
equilibrium (Katz & Gunn 1991). Metal cooling is also modelled at
high and low temperatures, which included infrared hyperfine line
cooling. A uniform UV radiation background (Haardt & Madau
1996) is switched on at reionization redshift chosen to be equal to
10. We also use a simple model for self-shielding (Roškar et al.
2013), which reduces the local UV radiation in high density gas
regions and corrects the cooling and heating properties of the con-
cerned gas.
2.3 Star formation and feedback
Star formation was modelled via a Schmidt law, where the forma-
tion rate was calculated as:
ρ˙? = ∗
ρgas
tff
for ρgas > ρ∗. (3)
c© 2014 RAS, MNRAS 000, 1–17
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The star formation density threshold ρ∗ exactly corresponds to the
maximum resolvable density defined in section 2.2. As suggested
by observations (Krumholz & Tan 2007), the star formation ef-
ficiency parameter is set to a low value ∗ = 0.01. This value
is known to reproduce the Kennicutt-Schmidt relation quite well
in comparable simulations (Agertz et al. 2011), even though the
physical star formation efficiency has more complex environmen-
tal dependencies (Gnedin & Kravtsov 2011). We use a stochastic
model (Rasera & Teyssier 2006) to create star particles of constant
mass which are equal to the baryonic resolution of the simulation.
Once a cell is flagged for forming stars, it creates N stars where
N is computed from a Poisson process with Poisson parameter
λ = ρ∗∆x3∆t/m∗, ∆t being the simulation time step. Accord-
ing to the required rate, the star particles were then spawned in the
cell. They received a velocity equal to the local fluid velocity. The
corresponding mass, momentum and internal energy were removed
from the gas of the parent cell.
Supernova (SN) feedback is modelled as thermal energy injec-
tion into the exploding star particle containing cell. After 10 Myr,
each star particle releases 20% of its mass. This corresponds to
a Chabrier Initial Mass Function (Chabrier 2001) per single stel-
lar population (SSP) undergoing a supernova. 10% of the ejected
mass is added to the metal content of the cell. Similar to the high
resolution cell flag, the metal fraction is advected passively by the
hydrodynamical flow.
Furthermore, we use the implementation of Teyssier et al. (2013)
and inject the SN energy in a non-thermal component. The model
tries to capture astrophysical non-thermal processes that are known
to occur in supernova remnants, e.g. turbulance or cosmic rays, that
cannot be resolved within current simulations, but, on the other
hand, they are able to reach energy densities that can significantly
affect the dynamics of the propagating shock wave. These pro-
cesses decrease with longer dynamical time scales compared to gas
cooling, so that they gradually return energy back to the gas. The
time evolution of this non-thermal energy can be described by
ρ
dNT
dt
= E˙inj − ρNT
tdiss
(4)
and is eventually driven by the non-thermal energy source E˙inj due
to SN and the energy dissipation rate tdiss that we fixed to 20 Myr.
In practice, instead of modifying the hydrodynamical solver, the
implementation adds the non-thermal pressure component directly
to the total gas pressure. As long as the non-thermal pressure in
a gas cell is superior to the thermal component, cooling was ne-
glected and was re-activated when non-thermal becomes compara-
ble to the thermal energy (Teyssier et al. 2013).
Because our spatial resolution is about of the order of magnitude
of the galactic disk height, it cannot capture the physics of in-
dividual molecular clouds. As a consequence, the star formation
scheme tends to produce a spuriously homogenous distribution of
young stars and, consequently, the associated feedback is simi-
larly located. Therefore, we chose to model stochastically explod-
ing clouds (Roškar et al. 2013): when a star particle reaches the
required age, we draw a random number x between 0 and 1. If x
is lower than the ratio of the star mass m∗ and the typical mass
for GMC clouds in a galaxy MGMC that we set to 2 · 106 Msun
(Krumholz et al. 2009), a SN event is triggered. The released en-
ergy is then multiplied by the factor MGMC/m∗. In the end, these
rare but more powerful explosion events conserve the total super-
nova energy and are closer to the energy released by individual
giant molecular clouds in a disk galaxy.
3 THE GALAXY AT REDSHIFT 0
This section analyses the morphology of the simulated galaxies at
redshift 0. Stellar and gaseous disks are compared to observations.
As we already stated, even though we chose three MW-like DM
halos for resimulation (Halo A is in the middle of MW-like galaxy
mass range and Halo B and C are at the lower end. See section
2.1 for the justification of our selection.), only one galaxy (Halo B)
exhibits properties similar to the MW. Therefore, we will describe
this galaxy more in detail without forgetting the results obtained for
the other halos where we kept the same star formation and feedback
recipes.
3.1 Stellar disks
In Figures 1 and 2, we show the side-on and face-on projection of
the stellar luminosities of our simulated halos in the U & K bands.
The size of one grid cell is 5 kpc × 5 kpc. After extracting the
halo from the simulation, we centered the particle positions on the
highest star density. We diagonalised the position tensor of the star
particles and rotated the positions accordingly, with the result that
the stellar disk lies in the x-y plane. The luminosities were com-
puted using the code CDM 2.53. More specifically, we obtained the
integrated magnitude for single stellar populations per solar mass,
taking into account isochrones from Marigo et al. (2008), and as-
sumed a Chabrier IMF and no dust absorption. As a photometric
system, we selected UBVRIJHK bands with Bessell filters. Then,
we assigned the magnitudes to each stellar particle considering its
age and metal content and converted the magnitudes to luminosi-
ties.
Halo A and Halo B show pronounced spiral disk features whereas
Halo C has a much smaller stellar disk. The DM Halos B and C
have almost the same mass whereas Halo A has a mass three times
higher. It is therefore not surprising that Halo A developed a more
massive stellar disk.
In order to quantify the stellar disk properties and to compare our
results with observations, we calculated the photometric surface
brightness for different bands shown in Figure 3. We projected the
stars into the x-y plane, summed the luminosity in circular annuli
and divided the total luminosity per bin by the surface area to get
the surface brightness. Moving away from the galactic center, it
can be seen that the surface brightness decreases exponentially in
all bands. At the center, in every simulated halo, we additionally
find an excess on top of the disk component, generally called the
galactic bulge. Interestingly, Halo B presents an excess in the radius
range 15-20 kpc due to the presence of its massive elongated spiral
arms. This feature is more pronounced in the shorter wavelengths
(U & B band), because its spiral arms host massive star forming
regions inside giant gas clouds (see Figure 1).
As a next step, we performed a two-component fit of the
brightness density profiles in the I band (green dashed line on Fig-
ure 3) where we fitted the central bulge with a Sérsic profile and, at
the same time, the disk component with an exponential profile (red
dotted lines). The best fit values are listed in Table 2. We verified
that changing the fitting range did not alter too much the best fit
values.
The central galaxy in Halo A has a disk scale length of about 2.45
kpc as well as a massive bulge of old stars. The stellar disk reaches
out to almost 15 kpc. In Figure 2, the presence of a massive bar at
3 http://stev.oapd.inaf.it/cgi-bin/cmd
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(a) U-band luminosity [L]. (b) K-band luminosity [L].
Figure 1. Projected stellar luminosities for Halo B at redshift 0. One grid cell is 5 kpc × 5 kpc. Luminosities (units are solar luminosities) were computed
from SSP integrated magnitudes calculated by the code CDM 2.5 (Marigo et al. 2008), using the age and metallicity of the star particles. Visualization is done
with glnemo2.
Run log10 Σd Rd log10 ΣSersic rSersic n B/D D/T Fitting limit
Lkpc−2 (kpc) Lkpc−2 (kpc) kpc
Halo-A 9.3673 2.6051 8.4864 1.3929 2.4559 0.509 0.663 17
Halo-B 8.8223 3.3943 8.3506 0.3899 1.2119 0.141 0.876 21
Halo-C 9.5747 0.3395 8.4205 3.9800 0.8205 2.289 0.303 10
Table 2. Parameters of the surface brightness profile decomposition in the I band. For each run the columns give (from left to right): the logarithm of the
central brightness of the disk, the disk scale-length, the logarithm of the bulge brightness at the center, the bulge scale radius, the SÃl’rsic index of the bulge,
the B/D flux ratio and the D/T flux ratio.
c© 2014 RAS, MNRAS 000, 1–17
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(a) U-band luminosity [L]. (b) K-band luminosity [L].
(c) U-band luminosity [L]. (d) K-band luminosity [L].
Figure 2. Same figure than 1 for the Halo A (above) and Halo C (below) at redshift 0.
c© 2014 RAS, MNRAS 000, 1–17
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Figure 3. Surface brightness profiles in x-y plane projection in ’UBIK’ bands. The green dashed curve is the best fit for the I-band brightness profile. We fitted
a two-component function consisting of an exponential disk function and a Sersic profile. The dotted red lines show the 2 components of the fit whose values
can be found in table 2.
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Figure 5. Circular velocities vc(r) =
√
GM(< r)/r of the simulated halos at redshift 0. Shown are different mass components and the Milky Way
observations from Sofue et al. (2009) (see the plot legend).
the galactic center can be observed.
Halo B has formed a large spiral galaxy whose stellar disk reaches
out to almost 20 kpc. The brightness profile is dominated by an
exponential disk of scale radius ∼ 3.4 kpc and a small bulge in
the center. The Disk-to-Total (D/T) flux ratio in the I-band is re-
markably high so that the Bulge-to-Disk (B/D) flux ratio is ∼ 14
%, which is in agreement with expectations for Sbc-type galaxies
(B/D = 0.138+0.164−0.083) like the MW (Binney & Tremaine 2008) and
Sc-type galaxies (B/D = 0.087+0.2760.041 ) (median values± 68/2 % of
the distribution on either side of the median, taken from Graham &
Worley (2008), who included corrections for dust whereas we did
not.). Halo C’s central galaxy is dominated by its central stars as is
revealed by the dominance of the bulge fit. It has a shorter disk of
less than 10 kpc.
In figure 4, we show the Tully-Fisher relation (Tully & Fisher 1977)
of the simulated galaxies at redshift 0. In order to compute the to-
tal stellar mass belonging to the central galaxy, we considered the
mass of all the star particles that lie between the galaxy center (de-
fined as the highest star density point) and 10% of the radius R97.
The rotation velocity was calculated using the usual definition of
the circular velocity, i.e. vc(r) =
√
GM(< r)/r, where M(<r) is
the total mass inside radius r. We chose to calculate the value of vc
at the radius that encloses 80% of the stellar mass. At this point,
the circular velocity has already reached its maximum. Because the
obtained rotation curves are quite flat, they do not vary dramatically
if one calculates the rotation velocity at a slightly shorter or longer
radius. As grey symbols, we include a data set of observed galaxies
(Verheijen 2001; Pizagno et al. 2007). Dutton et al. (2011) already
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Figure 4. The Tully-Fisher relation for the 3 halos at redshift 0.
analysed their data and we show also their best fit to the Tully-
Fisher relation. Halo B and C lie within the observational trend.
The galactic star mass in Halo A is a bit too high to lie within the
observational data range but it follows the tendency of the fit and is
not further than some observed galaxies.
Gas fractions defined as fgas =
Mgas
Mgas+Mstars
, where we take into
account all baryons inside 10% of R97, are equal to 0.12, 0.28 and
0.136 for Halo A, B and C respectively. These values allow an on-
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going star formation at redshift 0. Furthermore, having calculated
the R-band magnitudes of the stellar populations of the three galax-
ies (Halo A: -23.03; Halo B: -22.12; Halo C: -22.15), we conclude
that our results are similar to the sample of simulations performed
by Marinacci et al. (2014) (compare their figure 11) and lie within
the sample of the observational data of galaxies of HI and optical
observations compiled by Haynes et al. (1999).
In figure 5, we show the circular velocities (defined as above for
the Tully-Fisher relation) of the three halos at redshift 0. We cal-
culated the mass contribution for each component and plotted the
corresponding curve for the stars in yellow, the DM in black, the
gas in red. The total circular velocity resulting from the sum of all
the mass is shown in blue. We also add the observational Milky
Way data from Sofue et al. (2009). Halo B and C show flat rota-
tion curves and lie within the MW data. Halo A has a more peaked
rotation curve because it locked a lot of mass into its stellar compo-
nent. In the three cases, the gas component has a minor contribution
at the outer part of the disk, but near the center it closely follows
the stellar component and is superior to the contribution of the DM
mass.
Regarding the rotation curve, Halo B formed the most MW resem-
bling galaxy of our sample. The maximum circular velocity of 235
km/s is reached at 9.63 kpc. Looking at the circular velocity at 8
kpc (that is about the distance separating the solar system from the
MW center), it reaches 233 km/s and it lies well within the obser-
vational data. Going out to 60 kpc, the rotational velocity is equal
to 162 km/s, a value in the data range favored for the MW (Xue
et al. 2008).
3.2 Gas
In the Figures 6 and 7, we show the gas density of the three cen-
tral galaxies in the same projection plane as the stellar luminosity
disk maps. The grid’s cell size is again 5 kpc×5 kpc. The gas disks
are more "flocculent" in contrast with the smoother gas disks pro-
duced by Marinacci et al. (2014). The gas morphology of the disk
is closer to the results obtained by Guedes et al. (2011) and Aumer
et al. (2013): SN feedback is at the origin of hot outflowing gas,
creating large holes in the gas disk.
We verified that the densities that are reached when the gas is
forming stars are realistic and that star formation rates follow a
Kennicutt-Schmidt law ΣSFR ∝ Σngas with n = 1.4 (see Kennicutt
& Evans (2012) for a recent review) and lie within observational
data (Bigiel et al. 2008) (figure 8). To do so, we projected the gas
contained inside a sphere of a 20 kpc radius to the x-y plane and
built subsequent rings, each one being about 660 pc large. We in-
cluded only the gas cells from the disk into the calculations, i.e.,
whose vertical distance from the disk plane is less than 1 kpc. Only
stars younger than 50 Myr were selected in the same correspond-
ing rings. Our results concur with the low star formation efficiency
model from Agertz et al. (2011).
4 FORMATION HISTORY
To calculate the star formation history (SFH), we selected only the
stars at redshift 0 closer than 10% of R97 to the galactic center (de-
fined as the highest star density) and trace the evolution of their
formation in figure 9. Halo B has the most non-perturbed SFH: it
rises quickly until about redshift 2 and then falls down steadily to
redshift 0. Its star forming rate today, defined as the number of stars
created in the last 50 Myr, is 4.54 M/year, a bit higher than esti-
mations for the MW’s rate (ranging from 0.9 to 2.2 M/yr for
different IMF slopes (Murray & Rahman 2010)). In the case of
Halo C, the star formation rate (SFR) stays high from redshift 3
to later than redshift 1, with a SFR of 3.62 M/yr at z= 0. Halo
A has very high star formation rates during all its history. It in-
creases rapidly up to 30 M/year at redshift 2, begins to diminish
after redshift 1, and reaches the rate of 8.88 M/year at redshift
0. If one compares these SFH with predictions for MW-like halos
derived from semi-analytical models combining stellar mass func-
tions with merger histories of halos (Behroozi et al. 2013), the SFH
of Halo A is too high for halos with mass ' 1012M. Halo B and
C, though, show a star creation rate over time whose differences
with the aforementioned models are worth discussing. The peak of
the SFR reaches a rate of about 10 M/yr favored by these models,
even though its position is shifted to higher redshifts with respect to
these models (the peak of SFH predicted by Behroozi et al. (2013)
for a similar halo mass range being between redshift 1 and 2). Fur-
thermore, the SFR of Halo B and C stays at a too high level after
redshift 1 and does not decrease sufficiently as can be seen on figure
9. In fact, the SN feedback model that we used in the simulation is
not able to address the challenges set by these semi-analytical mod-
els correctly. Nevertheless, we will argue in the next paragraph why
we take these comparisons with caution.
Seen from a different angle, the caveat exposed above has a direct
impact on the expected stellar mass contained within a halo at red-
shift 0. Moreover, several techniques (abundance mass matching
(e.g. Moster et al. (2013); Behroozi et al. (2013)) and weak lensing
(Reyes et al. 2012)) seem to reproduce the same results (see figure
16 in Papastergis et al. (2012)). In figure 8, we show the star mass
evolution of the three halos from redshift 4 to 0 against the DM halo
mass (DM mass inside R97 !). First, we explicitly warn the reader
that the DM mass growth in the plot is overestimated as we fixed
M97 when the mean density inside the sphere defined by radius R97
drops below 97 × ρc(z). As Zemp (2014) shows, this criterion ill-
defines the physical halo border and artificially overestimates DM
halo growth. Physically, the DM halo mass is presumably in place
much earlier so that the curve should be much steeper. Secondly,
we plot in the shaded area the prediction for the stellar-to-halo mass
relation for redshift 0 galaxies from Moster et al. (2013). This pre-
diction is valid for M200, so that the curves and points shown here
are slightly right-shifted with respect to the observations. For com-
parison, we add as white-filled edge-colored points the results tak-
ing into account the DM mass inside R200. The curves on Figure
8 show the evolution over time with the ending point capturing the
final state of the halos at redshift 0, which considers the total stellar
mass inside 10% of R97 from the halo center. Observational sur-
veys, on the other hand, in order to derive stellar masses, base their
estimates on photometric data. Several works in the literature have
pointed out that "re-observing" the stellar masses in simulations can
reduce the existing gap between results from simulations and obser-
vations (Scannapieco et al. 2010; Guedes et al. 2011). Attempting
to mimic the observational procedure, we decided to follow Munshi
et al. (2013) in the following. As described by Blanton (2001) and
Yasuda (2001), we define first the Petrosian ratio at a radius r from
the center of an object to be the ratio of the local surface brightness
in an annulus at r to the mean surface brightness within r
RP =
∫ 1.25r
0.8r
dr′2pir′I(r′)/(pi(1.252 − 0.82)r2)∫ r
0
dr′2piI(r′)/(pir2)
(5)
where I(r) is the azimuthally averaged surface brightness profile in
the R-band. The Petrosian radius is defined as the radius at which
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(a) Halo B: Face-on view (b) Halo B: Side-on view
Figure 6. The gas density [M/kpc3]. Grid cell size is 5 kpc×5 kpc.
RP(r) equals a reference value, here we fixed it to 0.2 (like in
the SDSS survey). We then sum up the star mass inside the Pet-
rosian radius for the three halos (triangles in figure 8). The final
stellar mass estimation is based on the B-V color and V total mag-
nitude using the fitting values of Bell & de Jong (2001), namely
LV = 10
−(V−4.8)/2.5 and Mstar = LV × 10−0.734+1.404·(B−V ).
We correct the value for a Chabrier IMF from a Salpeter IMF (low-
ering the value in logarithmical scale by 0.26 dex (Ilbert 2009)) and
plot the derived stellar mass as squares. With this procedure we ob-
tain a stellar mass estimation that is about 55 - 65 % lower than
the simulation data. The stellar mass of Halo A, B and C then lies
largely within the abundance mass matching relation. Of course,
we do not claim that this procedure solves the problems current
galaxy formation models encounter when confronted to stringent
observational data, but at least it shows how much uncertainty can
be related to observational procedures that are used to derive stellar
masses.
5 DM HALO PROPERTIES
In the following section, we analyse the DM halo properties. In
particular, we focus on comparing the results obtained for the hy-
drodynamical simulations with the corresponding DM-only coun-
terparts.
5.1 Baryon’s impact on radial density profiles
Although cosmological N-Body simulations provide realistic envi-
ronments and mass accretion histories for galaxies, it is not clear
which effects on the DM density are induced by modelling the
baryon physics on small scales. The DM density profiles provided
by pure N-Body models favor "cuspy" slopes in the inner regions
of DM halos (Navarro et al. 1997) or are well-fitted by an Einasto
profile (Springel et al. 2008). Recently, it has been demonstrated
that star formation and its associated feedback schemes for dwarf-
sized/MW-sized halos and AGN feedback for cluster-sized halos
could cause a flattening of the slope of DM density profiles, which
has been dubbed the "cusp-core" transformation (Macciò et al.
2012; Martizzi et al. 2012; Teyssier et al. 2013; Dubois et al.
2013). The inclusion of these processes could reconcile predic-
tions with observations that favor flat inner density profiles (Donato
et al. 2009), in particular also for the MW (Nesti & Salucci 2013).
Pontzen & Governato (2012) provided an analytical model demon-
strating that impulsive gas motions are responsible for cusp-core
transformations. In agreement with simulation results of Governato
et al. (2012), Teyssier et al. (2013) showed that the core formation
mechanisms imply a bursty star formation history and "hot" stellar
velocity distributions, predictions that are in agreement with ob-
servations (Weisz et al. 2012). In the simulations presented in this
paper, we used similar feedback mechanisms and, in the following
section, we give the results when they are applied to more massive
halos.
In Figure 10 we show the spherical averaged density profiles for
stars, DM, and gas components evolving over time, i.e., from red-
shift 4 to 0. We centered the halos on the highest star density. In
general, there is a small offset between this point and the highest
DM density point, but as its order of magnitude is ∼0(10pc), it is
not noticable on the density figures in 10.
If we analyse the star density profile for the three halos, we see that
star formation acts first in the galactic center and then raises the
density constantly in the outer parts of the galaxy, which extends
out to 10 kpc, or even further in the case of Halo B. Additionally,
Halo A and C show a recent increase in their central density, re-
vealing the formation of a massive central bulge.
The DM density profile for the three halos in the hydrodynamical
run converges over time in the outer part of the halos and presents a
cored central profile. Starting from redshift 4, the initially steep DM
profiles of Halo A and C are immediately flattened due to intense
star formation and its associated feedback. Besides, interesting to
notice is the small increase of the profile in the snapshots of the last
redshifts shown: the increased central mass coming from the bulge
formation contracts the DM profile. The profile of Halo B presents
a special feature. From redshift 4 to 2.3, the steep DM density pro-
file is adiabatically contracted as feedback triggered by insetting
star formation was not powerful enough to start a core formation.
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(a) Halo A: Face-on view (b) Halo A: Side-on view
(c) Halo C: Face-on view (d) Halo C: Side-on view
Figure 7. The gas density [M/kpc3] for Halo A (above) and Halo C (below). Grid cell size is 5 kpc×5 kpc.
Then, between redshift 2.3 and 1.5, a redshift range that coincides
with the peak of star formation (c.f. figure 9), the central DM den-
sity is efficiently flattened.
As the time steps of the snaphots shown here are not sufficiently
small to capture single starburst events, we do not see the "breath-
ing" effect of the gas densities that make the central gravitational
potential oscillate and induce the flattening of the DM density pro-
file (Teyssier et al. 2013). On the figure, it is difficult to disentan-
gle one specific physical process due to the complex nature of gas
physics on large scales captured in the simulation, which incorpo-
rates, e.g., the cosmological gas infall, the aforementioned galactic
gas outblowing provocated by stellar feedback, gas cooling or the
transformation from gas mass into star particles. However, for the
three halos, one clearly identifies the transition between the galactic
disk gas and the halo gas indicated by the slope change in the pro-
file. The central gas density profile of Halo A and C is observed to
fluctuate considerably over time. Sudden increases of the gas reser-
voir in the disk alternate with periods where the density diminishes
as gas is locked into stars. Halo B evolves less abruptly, the central
gas density tends to go down steadily while the gas density in the
extended galactic disk increases and is stabilized with time.
The DM profile of the hydrodynamical runs are in striking differ-
ence with the results from the DM-only simulations, which is plot-
ted in Figure 11. For them, we obtain a cuspy central profile whose
slope is close to 1. We use the function
ρ(r, ρs, rs, α, β, γ) =
ρs
( r
rs
)γ(1 + ( r
rs
)α)(β−γ)/α
(6)
to fit the DM profile from Log10r=-0.6 to R97 of each halo. For the
DM-only runs we imposed α = 1 for the fit so that γ immediately
reflects the inner slope and β−γ the outer slope of the profile. The
results can be found in Table 3. Enticing is the comparison between
the simulation cores (∼ 2 − 5 kpc) with the core sizes inferred by
the fitted profiles to observational data of the MW, e.g., isothermal
c© 2014 RAS, MNRAS 000, 1–17
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Figure 8. Left panel: star formation rate density for corresponding gas density at redshift 0. We considered all the stars younger than 50 Myr. Grey points are
radial data from seven spiral galaxies taken from the THINGS survey (Bigiel et al. 2008) where Σgas = 1.36 · (ΣHI +ΣH2 ) (with a factor of 1.36 accounting
for helium). Diagonal dotted lines show lines of constant SFE= ΣSFR/Σgas , indicating the level of ΣSFR needed to consume 1, 10 and 100 % of the gas
reservoir in 100 Myrs. The solid black line is the original Kennicutt-Schmidt relation n=1.4 from Kennicutt (1998).
Right Panel: the stellar mass evolution over time (from redshift 4 to 0) against the Halo Mass (DM inside R97), compared to the prediction from abundance
matching technique (Moster et al. 2013) (the grey-shaded area indicates the 1σ confidence level) and the results of a stacked weak lensing study of SDSS
galaxies by Reyes et al. (2012) (green pentagons). Circles show the results at redshift 0 taking into account the sum of all the stellar mass inside 10% of R97.
Triangles show the total stellar mass inside the Petrosian radii. Squares mark the stellar mass estimation based on the B-V color and V total magnitude of the
central galaxies (see section 4 for further explanations). White edgecolored markers show the results for M200.
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(b) Halo B.
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Figure 9. Star formation histories as a function of lookback time (Gyr) and redshift for the three halos simulated for this study. Only stars inside a distance of
10% of R97 from the halo center were considered. For Halo B, we added the SFH prediction for halos with virial mass M97 = 1012M from Behroozi et al.
(2013).
Run Log10ρs rs α β γ
[M/kpc3] [ kpc]
Halo A 8.005 4.39 1.879 2.469 0.126
Halo A-DM 7.232 13.026 1 2.707 0.794
Halo B 7.663 4.425 2.895 2.541 8*10−9
Halo B-DM 7.639 5.552 1 2.636 0.819
Halo C 7.678 4.317 2.451 2.477 0.268
Halo C-DM 6.992 13.148 1 2.871 0.927
Table 3. Best fitting values for the spherical averaged density profiles fitted
with equation 6. For the DM-only simulations, we fixed α = 1. The fit was
performed for r ∈ [250pc,R97].
profile (Core size in Sofue et al. (2009): 5.5 kpc) or Burkert profile
(Core size in Nesti & Salucci (2013) ∼ 10 kpc).
We checked that the cored DM profiles are not introduced by a
lack of resolution (∼ 150 pc, see Figure 12).
Our result is in contradiction with Di Cintio et al. (2014) (see
also Di Cintio et al. (2014)) who analysed the DM profiles of the
MaGiCC simulations performed by Stinson et al. (2013). They
found that the stellar feedback models used in the simulations
were able to turn the DM cusp into a core, only for a certain
galactic stellar mass range that lies beneath the stellar mass of our
simulated galaxies.
In order to emphasize the flattening of the DM profile, we
compared our results with a case where the DM-only simulation
halos were adiabatically contracted by the baryonic distribution
obtained in the corresponding hydro run. The standard adiabatic
contraction model systematically overestimates its effect in the in-
ner region (Blumenthal et al. 1986), because the assumptions of
spherical symmetry and homologuous contraction are not fulfilled
in the violent hierarchical structure formation processes. Therefore,
we employ a modified adiabatic contraction model (Gnedin et al.
2004) calibrated on cosmological simulations. The formalism of
this model attempts to account for orbital eccentricities of the par-
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a) Gas density distribution for Halo A, B and C (from left to right).
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b) Star density distribution for Halo A, B and C (from left to right).
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c) DM density distribution for Halo A, B and C (from left to right).
Figure 10. Spherical averaged density profiles of the gas, stars and DM for Halo A, B and C (from left to right) over redshift range.
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Figure 11. From the DM-only siblings: DM density profiles for Halo A, B and C over redshift range.
ticles. In Figure 12, we plot first the DM density profile (green-
dashed line) and the star density (yellow line) from the hydrody-
namical run. Then, taking into account the realistic stellar mass
from the hydrodynamical run, we contract via the aforementioned
model the DM density profile from the DM-only run (blue-thick)
and show the predicted contracted density profile as blue-dotted
curves. In Figure 12, we see that the stellar feedback is able to
transform the inner cuspy DM profile into a cored profile and to
counteract against the adiabatic contraction. Nevertheless, moving
further away from the galactic center, around 10 kpc, we do see
a contraction. The DM from the hydro-run departs from the DM-
only profile, and exactly follows the predicted contracted profiles.
As the stellar mass of Halo A is bigger and reaches higher densi-
ties, the DM is drained further inside the galaxy of Halo A than for
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that of Halo B and the effect is more visible. In Figure 10, it can be
seen that the DM profile from Halo C has the same behaviour than
Halo B, but is less interesting because the scale radius where the
slope of DM density profile changes is shorter, which is due to the
smallness of its galactic disk.
This newly observed effect, combining core formation at the cen-
ter and adiabatic contraction at larger galactic radii, is the result of
two different regimes: at the center, stellar feedback can compen-
sate the additional gravitational attraction coming from the stars,
whereas the feedback released by the stars in the outer parts of the
galaxy is not strong enough to prevent the contraction.
The described contraction has an important effect on the DM
density at the solar neighbourhood radius. In the case of Halo B,
comparing the local mean DM density in a spherical shell at 8 kpc,
we notice that it is increased from 0.23 GeV/cm3 in the DM-only
run to 0.36 GeV/cm3 in the hydro run. Calculating the mean DM
density in the ring at 8 kpc situated in the disk plane, we obtain a
mean DM density of 0.50 GeV/cm3, a result that is in agreement
with estimations for the local MW DM density (see Read (2014) for
a recent review). A detailed study of the solar neighbourhood DM
distribution in our simulation will be the subject of a forthcoming
paper.
5.2 Satellites
In this last section we make a concise analysis of the subhalo
population of the host halo. The scientific goals are twofold: on the
one hand, we compare the subhalos found in the hydrodynamical
run with their alter-egos from the DM-only run and see if there
are non-neglible effects that distinguish these populations. On
the other hand, we look at the impact of star formation and its
associated feedback and see if similar effects that are observed
in the case of the host halo also affect the subhalos. Because
the galaxy of Halo B presents a lot of MW-like properties, we
wandered which results the simulation produces actually inside its
halo. We only show here the subhalo results for Halo B, but we
verified that, qualitatively, they do not vary for the other halos.
First, we looked with AHF for the overdensities contained inside
R50 that is 301 kpc (288.5 kpc) for Halo B (Halo B-DM) and
identified 308 (469) subhalos. For each subhalo we then built the
spherical density profile, starting from the center defined as the
highest density point that is closest to the position indicated by
AHF, and going out to 2.5 times Rsub,50. In the hydrodynamical
run, we include the stars in our calculation. We then define Rsub as
the radius where the slope of the density profile (centered on the
subhalo) becomes flat and reaches the local background density of
the host. Summing up all the mass inside Rsub, we obtain Msub.
Next, we analyse the subhalo’s central DM density. Having defined
the subhalo’s edge, we construct the DM density profiles for
the 25 most massive subhalos in the hydrodynamical and the
DM-only simulation going out to Rsub. While the resolution of
the simulation is high enough to give meaningful results for these
objects, the central profiles of smaller clumps could be altered by
a possible lack of resolution and therefore we limit the analysis
to this sample. We fitted the subhalo’s DM density profile with
an α-β-γ profile (Equation 6) and subdivided the subhalos in
several populations, of which typical examples can be found in
Figure 13: subhalos from the DM-only run, subhalos from the
hydrodynamical run that possess stars (17/25), and subhalos from
the hydrodynamical run that did not produce stars (8/25). We
resumed the results of the fit in the left panel of Figure 15. Most
appealing is the comparison of the value of γ in the different
samples: while the satellites of the DM-only run tend to have an
inner profile with a slope close to -1 (as one would expect), the
central profile of subhalos that formed stars in the hydrodynamical
run is cored. At the same time, the subhalos in the hydrodynamical
run that do not have a star formation history have steeper inner
density profiles. This result coherently enlarges the observations
we made earlier for the host halos. Even in coarser non-isolated
simulations like these realisations here, SN feedback has a strong
impact, in a systematic and consistent way, on the central DM
densities.
In Figure 14 we compare the calculated subhalo radii with the
tidal radii that depend on the subhalo’s distance to the galactic cen-
ter and on Msub. The tidal radius is the theoretical limit for a par-
ticle bound to a satellite that is orbiting in the gravitational field
of a host halo. Knowing that the point-mass approximation for our
systems is no longer valid because the satellites orbit within the
body of the host system (Binney & Tremaine 2008), we calculate it
like (Springel et al. 2008)
Rtidal = (
Msub
(2− d lnM/d lnr)M(< d) )
1/3 · d (7)
where d is the distance to the galactic center and M(< d) the mass
contained inside a sphere of radius d. Within some scatter, we find
a reasonable agreement between Rsub and the tidal radius and val-
idate the consistency of our method to calculate Rsub.
In figure 14, we plot the the cumulative subhalo spectrum N(>
Msub) for the DM-only run (black points) and the hydrodynami-
cal run (blue points). The dashed curve shows the integrated mass
function
N(> Msub) =
∫ max(Msub)
Msub
dN
dM
dM (8)
where dNdM ∝ Mn with n = −1.9 (Springel et al. 2008; Gao et al.
2012). We remark that both curves follow the tendency curve. They
depart from a slope of -1.9 due to the lack of resolution around
Msub < 5 ∗ 107M. It is interesting that there is a clear shift in
the integrated clump spectrum. As the overall curves do show the
same behaviour and because they stay parallel, we conclude that
we witness a considerable statistical mass loss of the subhalos
over the whole mass range in the hydrodynamical run compared to
the DM-only version. This feature seems to be in agreement with
Vogelsberger et al. (2014) who found a mass reduction for low
mass satellites.
Brooks et al. (2013) identified two mechanisms that could explain
the mass loss of satellites which may be applicable to our sim-
ulation: on the one hand, if the satellites are able to form stars,
supernova feedback can flatten the DM cusp, so that DM particles
with elongated orbits are stripped more easily (in contradiction
with Garrison-Kimmel et al. (2013) where the effective model
is not capable of transmitting a sufficient amount of energy to
the DM of the satellites in order to match the observed central
densities of MW spheroidal dwarfs). On the other hand, tidal
stripping due to the presence of the galactic baryonic disk is
enhanced. In agreement with Zolotov et al. (2012), our results
seem to strengthen these interpretations as solution attempts for
the ΛCDM missing satellite problem (Klypin et al. 1999) and the
connected too-big-to-fail problem (Boylan-Kolchin et al. 2011).
Namely, if we recap what has been shown, all subhalos in the
simulations are prone to statistical mass loss, and only some of the
most massive satellites are able to form stars.
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Figure 12. Comparison between the DM density profiles from the DM-only and hydrodynamical runs for Halos A (left) and B (right). The DM profile from
the DM-only run is adiabatically contracted via the stellar density profile from the hydro run. See section 5.1 for further explanations.
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Figure 13. The three panels show typical DM density profiles for satellites from the DM-only run (left) and the hydrodynamical run, where the right panel
shows a profile with a steeper inner slope with respect to the cored DM profile flattened by SN feedback in the central panel. We fitted the profiles with an
α− β − γ function (equation 6).
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Figure 15. Left panel: Results of the fit (one σ error bars) with equation 6 to the DM density profiles of the different satellite populations.
Central panel: the V-band luminosities (for the satellites that were able to retain gas and eventually to produce stars) against the distance to the galactic center.
For comparison, we also show the data from the Milky Way satellites (Wolf et al. 2010) (pre-SDSS/classical MW dSphs and post-SDSS MW dSphs).
Right panel: for Halo B,Msub shown against the distance to the galactic center, blue points being DM-only satellites and red points satellites that formed stars
(both populations from hydrodynamical run!).
Analysing the hydro-run of Halo B, we show in Figure 15
the satellite V-band luminosities of the simulation against the MW
satellites (Wolf et al. 2010). To be consistent and for simplicity,
we used the same procedure to derive the stellar luminosities that
we used for the host galaxy by taking into account the stellar ages
and metallicities (for redshift 0!). We only counted the stellar lumi-
nosities for the dwarf galaxies that possess five or more star parti-
cles to make sure that we neglect subhalos that have one or several
star particles at the border of the subhalo. Interestingly, the simula-
tion subhalos populate a similar luminosity range compared to the
discovered MW dwarfs. In addition, the most luminous simulation
satellite is not alarmingly brighter than the brightest MW dwarf.
However, these results are in tension with a recent study of satel-
lites in the highly resolved ELVIS suite of ΛCDM simulations, that
compare the local group galaxies (of the MW) with the simulated
halos that are in a similar configuration (Garrison-Kimmel et al.
2014). In these DM-only simulations, they find that the number of
subhalos that are theoretically massive enough to form stars at some
point in their history largely exceeds the observed amount of Local
Group dwarf galaxies. However, in the recent work of Sawala et al.
(2014), it has been stated that zoom simulations that focus on a Lo-
cal Group-like structure can reproduce the right order of magnitude
of faint galaxies. This result points toward the obligation to include
the modelling of baryonic physics and makes the failure of ΛCDM
less probable.
In Figure 15, we show for every subhalo of Halo B the virial
mass Msub as a function of their distance to the galactic center,
blue points denoting satellites without stars (i.e., DM-only) and red
points for satellites that have formed stars. No clear correlation be-
tween mass or position of a satellite and the presence of stars within
a subhalo can be determined. Higher mass subhalos seem to be able
to form stars in some instances, though what makes these halos
special relative to their DM-only counterparts is unknown. On the
other hand, low mass subhalos in the simulations generally seem to
be unable to produce stars.
6 SUMMARY AND PERSPECTIVES
In this paper, we presented three cosmological hydrodynamical
simulations zoomed on Milky Way sized halos using the adap-
tive mesh refinement code RAMSES. Adopting widely-used sub-
grid prescriptions to model star formation and stellar feedback and
keeping them fixed during the on-going simulations, we have ob-
tained and analysed the results of the three halos. We compared
them to recent observational key results for simulations. In sum-
mary:
• We built realistic luminosity maps of the galactic stars tak-
ing into account their age and metallicity. From them, we derived
brightness profiles in several bands and computed their disk and
bulge scales.
• We constructed the circular velocity profiles and compared
them with observational data from the Milky Way. Furthermore,
connecting the stellar mass to the rotational velocity at a specific
radius after the velocity curve reached its maximum, we confirmed
that the simulations lie within recent observational data of the
Tully-Fisher relation.
• We verified that star formation in the simulation follows a
Kennicutt-Schmidt law at redshift 0.
• Regarding the total stellar mass, we confirm the outcome from
Roškar et al. (2013), stressing that supernova feedback is not strong
enough to diminish the gas content of the halo in order to prevent
an (although postponed) excessive star formation. Recent simula-
tions using a feedback scheme where outblowing winds are decou-
pled from the flow (e.g. Vogelsberger et al. (2013); Marinacci et al.
(2014)) are able to expel a bigger quantity of the galactic gas out of
the baryonic disk or even out of the halo and consequently, the gas
reservoir used to form stars is smaller. Other attempts trying to en-
sure a more physically motivated star formation (through molecu-
lar based star formation) combined with additional stellar feedback
(Agertz & Kravtsov 2014; Hopkins et al. 2013) also seem to pro-
duce good results with regard to the stellar-to-halo mass relation.
• Even if the stellar-to-halo mass ratio of the simulations pre-
sented in this paper is too high, we showed that if one applies stan-
dard techniques of stellar mass deduction from observational data,
it is possible to reduce the gap between our simulations and obser-
vational results. Because of the extensive consequences, this line
of investigation definitely deserve more attention to ensure a more
thorough treatment.
• We studied the DM density profile over time and observed a
combination of a flattening of the inner DM density profile with a
contraction of the DM density at the outer parts of the galactic disk.
This effect, which is caused by stellar feedback, can produce DM
cores of ∼ 5 kpc. We remark that the production of DM cores for
this halo size has not been observed before in other simulations, in
particular not in the aforementioned simulations using the decou-
pled winds feedback because their inner DM density has a cuspy
c© 2014 RAS, MNRAS 000, 1–17
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profile. A comparison of their result with an analytical adiabatic
contraction model would be interesting. Furthermore, we showed
that the observed DM feature highly affects the local DM density
at the solar radius.
• We concluded with an analysis of the halo satellites. We
showed that in the star forming subhalos, stellar feedback also mod-
ifies their inner DM densities and lowers the inner slope with com-
parison to satellites that do not form stars. Moreover, the halos in
the lower MW mass range seem to give a good matching between
the Milky Way spheroidal dwarfs and the brightest simulation satel-
lites. Using a self-designed tool to define the edge of the subhalo,
we verified that it maps correctly the theoretically defined tidal ra-
dius. In all the simulations, we found less substructures in the hy-
drodynamical run compared to the DM-only run, a general subhalo
mass loss over the whole mass spectrum and, in particular, a mass
reduction of the most massive subhalos. Therefore, we could con-
firm earlier results of isolated simulations. The subhalo mass and
its distance to the galactic center seem to be uncorrelated to the ca-
pacity of forming stars, even though low mass subhalos don’t have
a SFH in the simulation.
As we explicitly indicated before, Halo B mimics many observa-
tional properties of the Milky Way, even though its virial mass is in
the lower part of the estimated MW mass range and the tuned SN
feedback used here leads to a less regular spiral structure. Those
quite realistic features predestine this simulation to be an interest-
ing framework for DM detection studies (Ling et al. 2010; Nezri
et al. 2012). Indeed, we are going to take advantage of our bet-
ter resolved simulations and use them as consistent frameworks for
DM detection phenomenology. These aspects are beyond the scope
of the present paper and will be published in subsequent articles
with improved astroparticle calculations.
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